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Role of obstruction in autosomal dominant polycystic kidney disease in
rats. Kidney micropuncture and microdissection studies were carried Out
on heterozygous 2- to 4-month-old female and male Han:SPRD rats with
autosomal dominant polycystic kidney disease (ADPKD) and on normal
controls, to determine whether cysts are obstructed. Pressures in proximal
tubules and cysts were determined using a servo null device and were
recorded before, during, and after intraluminal infusion of an isotonic
equilibrium solution at 15 and 50 nI/mm. Initial cyst pressures in nine
cystic rats averaged 18.5 5.9 (so) mm Hg, N = 49, significantly (P <
0.01) higher than in normal proximal tubules in four control rats, 14.3
1.6 mm Hg, N = 36. Pressures in non-cystic tubules in cystic rats, 16.8
4.4 mm Hg, N = 25, were not significantly different from pressures in
control kidneys or in cysts. When proximal tubules were microinfused at
15 nI/mm in control rats, tubule pressure increased by 3.8 1.2 mm Hg,
N = 24. In cysts, the response was highly variable. Twenty out of 33
microinfused cysts (61%) showed responses similar to normal tubules and
were considered to be nonobstructed; 13 (39%) showed large pressure
increases upon microinfusion, sometimes to values over 100 mm Hg
(obstructed cysts). Left kidney inulin clearance (in pi/min 100 g body wt)
averaged 335 65 (N = 4) in control rats and 344 144 (N = 9) in cystic
rats; at this early stage of the disease no decline in GFR was seen. Weights
of cystic kidneys were twice those of normal animals. Microdissection and
scanning electron microscopy revealed the presence of intraluminal casts
and debris and constrictions between cysts that would impede fluid flow.
We conclude that obstruction is a frequent, early event in PKD and, when
present, promotes cyst enlargement. Since many cysts are not obstructed,
we suggest that factors other than fixed obstruction initiate cyst formation.
Polycystic kidney disease (PKD) is a common abnormality that
often leads to renal failure. It may be caused by a variety of
cystogenic chemicals, but in humans most often occurs as an
inherited disorder. The gene responsible for the major form of
autosomal dominant PKD (ADPKD) has been recently identified
and sequenced [1, 2]. PKD is characterized by the growth irs the
kidneys of multiple, fluid-filled epithelial cysts which develop from
nephrons or collecting ducts. The pathogenesis of renal cyst
formation and enlargement is not entirely clear [3—6]. It is
generally accepted that cyst enlargement is accompanied by
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abnormal proliferation of cells, abnormalities of basement mem-
brane and extracellular matrix, and fluid accumulation.
The discovery of a rat strain with ADPKD, the Han:SPRD rat
[7], permits closer scrutiny of the development of this disease,
especially at its early stages. PKD in the heterozygous Han:SPRD
shows many similarities to human ADPKD [8—10]. The disease in
both rats and humans develops slowly and leads to uremia. There
is a sexual dimorphism in the Han:SPRD rat (males are more
severely affected than females) that is more marked than in
humans. Basement membrane and extracellular matrix abnormal-
ities are a prominent feature in both the rat model and human
PKD [5, 8—10]. In the Han:SPRD rat, cysts develop from proximal
tubules in early stages; later stages involve all nephron segments.
In human ADPKD, cysts develop from all nephron segments.
Although the histology of the Han:SPRD rat kidney has been
studied [8—10], micropuncture measurements have not been
reported. The purpose of the present study was to test the
hypothesis that there is extensive cyst obstruction in the early
stages of ADPKD. In anesthetized Han:SPRD rats, we measured
cyst pressures and determined whether cysts fill with glomerular
filtrate. Since we found functional evidence for obstruction, we
examined the morphology of the cystic kidney using microdissec-
tion and scanning electron microscopy (SEM).
Methods
Micropuncture experiments
Experiments were done on nine (6 females, 3 males) heterozy-
gous Han:SPRD rats with ADPKD and on four (2 females, 2
males) control SPRD rats. All animals were two to four months of
age. The rats were obtained from the Animal Care Facility
maintained under control of Dr. Gretz.
Before experiments, rats were deprived overnight of food, but
had free access to water. The rats were anesthetized with Inactin,
160 mg/kg body wt i.p. The animal was placed on a heated
micropuncture table, and rectal temperature was kept at 37°C.
Surgical procedures included a tracheostomy, cannulation of the
right femoral artery and vein, cannulation of the left ureter with
polyethylene tubing, and placement of the left kidney in a
micropuncture cup. The exposed kidney surface was covered with
warm (37°C) Ringer's solution containing 2.8 g/100 ml of a
synthetic colloid Pluronic F-108 (C.S. Erbslöh, Düsseldorf, Ger-
many). The kidney capsule was left intact. Arterial blood pressure
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was recorded using a Gould Statham P231D prcssure transducer
and a Tarkan recorder. To estimate GFR, we gave a priming dose
of 0.5 mi/l00 g body wt of a 2 or 4% inulin solution in 0.9% NaCI
followed by a maintenance infusion at 3 mi/hr. Timed urine
samples were collected under oil, and urine volumes were esti-
mated by weighing. Arterial blood samples (0.25 ml) were col-
lected periodically during the experiment.
In cystic kidneys, the micropuncture procedure was as follows.
Surface cysts were identified and impaled with a 4 to 6 jim tip
diameter sharpened micropipette (filled with 0.5 M NaCI) which
was connected to a servo null pressure measuring system (model
5; Instrumentation for Physiology and Medicine, San Diego, CA,
USA). After a stable pressure was recorded, a second sharpened
micropipette (tip diameter 7 to 8 jim), connected to a microinfu-
sion pump, was inserted into the same cyst. Insertion of the
second micropipette rarely affected the pressure reading; if this
happened, the measurement was discontinued. Pressures were
also measured in non-cystic tubules in cystic kidneys, but these
tubules were not microinfused.
In normal kidneys, the micropipette connected to the microin-
fusion pump was usually inserted first and a small quantity of
colored infusion fluid was briefly injected to identify loops belong-
ing to the same nephron. A pressure-measuring micropipette was
then inserted into the nephron, usually one or two loops down-
stream. We chose this approach so as to avoid placement of two
micropipettes very close to each other and possible tearing of the
tubule wall. Pressures in normal tubules were not affected by the
presence or absence of an infusion micropipette in the lumen.
To test for obstruction, after recording a stable initial pressure,
the microinfusion pump was turned on at a setting of 15 nI/mm.
Pressure was recorded continuously, and the niicroinfusion was
maintained (usually for 2 to 3 mm, but up to 16 mm) until a stable
pressure was achieved or a peak pressure (with spontaneous fall)
was recorded. The pump rate was then increased to 50 ni/mm, and
the microinfusion continued until once again a stable pressure was
reached or the pressure fell spontaneously. The pump was then
turned off, and intraluminal pressure was recorded for at least two
minutes more. The pressure-measuring micropipette was then
removed from the cyst or tubule and, in acceptable recordings, the
pressure returned to zero.
The microinfusion solution contained 68 mg KH2PO4, 75 mg
NaH2PO4, 156 mg Na2HPO4, 475 mg NaC1, 1472 mg mannitol,
and 100 mg lissamine green V dye per 100 ml H20. Fluid
reabsorption from this isotonic "equilibrium" solution, at least in
normal proximal tubules, is minimal [11]. The microinfusion
pump was built by Wolfgang Hampel (Frankfurt am Main,
Germany). We calibrated it in vitro by making timed collections of
a lissamine green solution and determining the dye concentration
spectrophotometrically. At a nominal setting of 15 nI/mm, the
infusion rate was 14.3 0.6 ni/mm (N = 5) and at a setting of 50
ni/mm it was 49,8 2.0 nI/mm (N = 5). Criteria for acceptable
pump performance and pressure recordings were described be-
fore [12]. The servo null device was calibrated every day, usually
using a mercury manometer and occasionally using a water
manometer.
To determine whether glomerular filtration persists in cystic
ncphrons, we rapidly injected an i.v. bolus of 0.1 ml 3% lissamine
green in 0.9% NaCI and observed kidney surface cysts in five
animals. In two of these animals we photographed the kidney
surface using a Leitz Ultropak microscope. Since lissaminc green
is only filtered, its appearance in cyst fluid indicates glomerular
filtration.
Data presented are means so. Statistical comparisons were
made by paired or unpaired t-tests. When the variances were
heterogeneous, comparisons were made by the Welch-Satterth-
waite I' test or by a nonparametric test (Kruskal-Wallis statistic
and Dunn's test). A P value less than 0.05 was considered
significant.
Morphological studies
Kidneys from six rats with cystic disease (3 males, 3 females)
and three male normal rats were fixed in vivo by retrograde
perfusion via a cannula inserted in the distal abdominal aorta. The
perfusion fluid contained 122 m'vi NaC1, 2.4 mM KU, 7.2 mM
Na2HPO4, 1.3 mrvt KH2PO4, 2 mrvi picric acid, and 2.68% glutar-
aldehyde (pH adjusted to 7.3). After fixation, the kidneys were
removed and hemisected for light and scanning electron micro-
scopic analysis or microdissection of single nephrons. Single
nephrons and cysts were microdissected after macerating the
kidneys in 8 N HCI at 60°C for 40 to 55 minutes. Samples were
viewed with a Nikon Optiphot microscope, usually at 10 X
magnification; occasionally, structures were examined at 20 or
40 X using differential interference contrast (DIC) optics, which
allowed us to section the tubule optically.
Specimens selected for light microscopic analysis were dehy-
drated in graded ethanols and embedded in JB-4 resin (Poly-
sciences, Warrington, PA, USA). Sections were cut at approxi-
mately 3 jim, placed on glass slides, and stained with Lee's
methylene blue-basic fuchsin.
SEM samples were post-fixed in osmium tetroxide, dehydrated
through a series of graded ethanols, critical point dried, and
coated with gold-palladium. These specimens were examined
using an AMR 1000A scanning electron microscope at an accel-
erating voltage of 20 kV.
Results
Table 1 summarizes overall measurements of renal function in
normal and cystic rats. There were no significant differences
between these two groups in body wt, arterial blood pressure,
hematocrit, urine flow, or inulin clearance (glomerular filtration
rate or GFR). The GFR data indicate that at the time of study,
overall renal function was not compromised by the cystic disease.
This result is in agreement with findings of Schafer et al [101
obtained on the same colony of rats; they reported that serum
creatinine and urea levels were not significantly higher in four-
month-old heterozygous rats, when compared to normal rats of
the same age. A fall in GFR appears to be a relatively late
development in both the Han:SPRD rat and in human ADPKD
8—10, 131. Kidney weight was significantly (P < 0.01) greater in
the cystic animals, especially in the three male animals which had
kidneys 2.5 to 3 times heavier than in normal animals.
Figure 1 shows the appearance of the surface of a cystic kidney.
A typical cyst, round in form, is at the center. Cysts which we
punctured ranged in diameter from about twice that of a normal
tubule (about 60 jim) to over 1 mm. Many of the cysts contained
intraluminal debris. In the female rats, the cysts were usually few
in number, hut often very large, and were widely scattered. In the
male rats, cysts were more common and practically all tubules
were distended. Non-cystic tubule segments often had an irregular
form with small diverticula (Fig. 1). Microinfusion (see below)
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Fig. 2. Histograms of pressures measured in (A) normal proximal tubules
(14.3 1.6 mm Hg; N = 36) in control rats, and (B) non-cystic tubules(16.8 4.4mm Hg; N = 25) and (C) cysts (18.5 5.9mm Hg; N = 49) in
rats with PKD.
Fig. 1. Photograph of the renal surjiwe of a female cystic rat after i.v. bolus
injection of lissamine green solution. A medium-sized cyst (round structure)
is in the center of the field. Dye is present in the cyst fluid and in several
tubule segments. Note that several tubule segments are distended and
have diverticula. Vertical bar is 100 j.rm long.
revealed that cysts were connected to non-cystic segments. No
cysts were observed in any of the control animals.
Figure 2 presents histograms of initial luminal hydrostatic
pressures measured in control and cystic kidneys. Pressures in
cysts (18.5 5.9 mm Hg) were modestly, hut significantly, higher
(P < 0.01) and more variable than pressures in proximal tubules
in control kidneys (14.3 1.6 mm Hg). Pressures in non-cystic
tubules of cystic kidneys (16.8 4.4 mm Hg) were not significantly
different from pressures in cysts or normal proximal tubules. The
histogram for the cysts (Fig. 2) suggests a possible bimodal
distribution of pressures, with normal pressures in one group of
cysts and elevated pressures in another group of cysts.
Figure 3 presents typical recordings of cyst pressures before,
during, and after intraluminal microinfusion of an equilibrium
solution. In Figure 3A, the response was similar to what was seen
in normal control tubules; this cyst was not obstructed. In Figure
3B, pressure increased markedly when the cyst was microinfused
at a low rate (15 nl/min) and then the pressure fell spontaneously.
When the cyst was subsequently microinfused at 50 nl/min, the
peak pressure rise was less than that observed with the prior 15
Table 1. Functions in control and cystic rats A
20
15
10
5.
Body Kidney
wt wt MABP
Sex g mm Hg
Hct
% cells
V
pJ/minJOOg
body wt
Four control rats (SPRD)
F 285 0.90 99 43 3.47 288
F 283 0.87 103 46 3.14 295
M 292 0.97 104 46 3.54 429
M 286 0.91 106 49 2.82 329
Mean 286 0.91 103 46 3.24 335
SD 4 0.04 3 2 0.33 65
Nine cystic rats (Han:SPRD heterozygotes)
F 251 1.29 79 46 6.10 680
F 254 1.19 96 44 4.03 407
F 310 1.40 99 44 2.99 324
F 344 1.66 82 44 1.30 192
F 309 1.32 95 42 1.52 284
F 315 1.36 98 45 2.60 289
M 291 2.50 101 48 1.90 368
M 314 2.86 109 46 6.71 338
M 334 3.10 85 47 2.76 210
Mean 302 1.85 94 45 3.32 344
so 32 0.75 10 2 1.94 144
Abbreviations are: SPRD, Sprague Dawley strain; F, female; M, male;
MABP, mean arterial blood pressure; Hct, hematocrit; V, urine flow rate;
inulin clearance. Kidney data are for the left kidney. The only
significant difference between the two groups of rats was in kidney weight
(P < 0.01).
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Fig. 3. Cyst pressures before, during, and after
microinfusion of an equilibrium solution. The top
record (A) shows the response of an
unobstructed cyst and is identical to the pattern
observed in normal control tubules. The bottom
record (B) shows the response of an obstructed
cyst. The reason for the spontaneous fall in
pressure was not evident.
nl/min microinfusion rate. Clearly, this cyst was initially ob-
structed. The abrupt fall in pressure may have occurred upon
relief of the obstruction or may have resulted from a leak in the
cyst wall.
Figure 4 summarizes pressure responses to microinfusion of 24
normal control proximal tubules and 33 cysts. In normal control
tubules, microinfusion at 15 nl/min (a value equal to about
one-half of a normal single nephron GFR) increased tubule
pressure by an average of 3.8 mm Hg (range, mean 2SD = 1.4
to 6.3 mm Hg). The colored microinfusion fluid always moved
only downstream, even when the tubule was infused at 50 ni/mm;
dye usually appeared in a surface distal tubule. The response to
microinfusion of cysts was highly variable (Fig. 4). Thirteen of 33
cysts (39%) displayed a pressure increase above the normal
control range when microinfused at 15 nl/min; these cysts were,
therefore, considered to he obstructed. When obstructed cysts
were microinfused, the colored microinfusion solution usually
filled upstream tubule segments. In nine obstructed cysts the
pressure rose to 50 mm Hg or higher, and in six of these, the
pressure then fell spontaneously (Fig. 3B). This suggests that the
cyst became patent or leaky. In one case, dye was observed in the
distal tubule following a spontaneous pressure fall, suggesting that
the obstruction had been relieved during microinfusion. In the
majority of cases, however, the reason for the spontaneous fall in
cyst pressure was not obvious. We do not think that a leak
developed at the puncture sites because there was no visible
leakage of colored infusion fluid. In nonobstructed cysts, we often
saw dye appear in a surface distal tubule and then clear from the
cyst when the microinfusion was stopped. Not surprisingly, cysts
that appeared to be obstructed, as determined from the response
to microinfusion, had significantly (P < 0.005) higher initial
pressures (23.3 6.4 mm Hg, N = 13) than cysts which were not
obstructed (16.5 4.8 mm Hg, N = 20).
When lissamine green was injected i.v. it appeared in all
fluid-filled cysts (19 cysts in 5 animals). The dye was rather faint,
and its appearance and subsequent wash-out were delayed. These
results indicate that surface cysts are connected to functioning
glomeruli.
The surface of cystic kidneys was irregular, as noted by feel and
by light microscopy (Fig. 5A). The irregularity of the kidney
surface appeared to be a consequence of bulging cystic areas
interposed between retracted areas (characterized by fibrosis,
inflammatory cells, and nephron/microvascular atrophy) which
extended radially through the cortex.
Figures 6 to 10 show microdissected nephrons. In contrast to
proximal convoluted tubules from normal kidneys (Fig. 6A), those
from cystic rats usually had an irregular form, with small protru-
sions (Figs. 7A, 7B and 8A). Figure 7A clearly shows such a
protrusion or diverticulum from an otherwise normal looking
proximal convoluted tubule. This protrusion suggests an incipient
cyst. Figure 8B shows a large cyst that was located along the
course of a superficial proximal convoluted tubule; the lumen of
the cyst was continuous with normal appearing upstream and
downstream segments.
Cyst formation was most prominent in the proximal straight
tubule; this segment often had a scalloped appearance (Figs. 7C,
9C and bA). The scalloping process appeared to lead to the
formation of isolated cysts. The latter were most often found in
the deep cortex. Figure 9C shows a series of cysts that apparently
originated from the same proximal straight tubule. Using DIC
optics under high power (x40) it was evident that the lumen was
virtually obliterated between adjacent cysts (Fig. 9D). Interstitial
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Initial Peak Peak Final
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14.3±1.6 at 15 nI/mm at 50 nI/mm 13.9±1.8
18.1±1.8 23.1±2.6
Fig. 4. Summwy of pressures in 24 normal proximal tubules (A) and in 33
cysts (B) before microinftsion, during microinfusion at 15 and 50 ni/mm
(peak pressures attained), and after micromnjhsion.
fibrosis was especially marked surrounding such areas of constric-
tion, making dissection difficult. Sometimes the proximal straight
tubule presented multiple segments that appeared to be discon-
tinuous at low magnification (Fig. bA). With higher magnifica-
tion and DIC optics we could sometimes demonstrate continuity
of the tubule lumen (Fig. lOB).
Casts were present in the lumen of numerous terminal proximal
straight tubules (Fig. 9 A, B) in all of the cystic kidneys, but in
none of the normal kidneys. Figure 8A shows two cysts in the early
part of a proximal straight tubule; the more distal cyst was filled
with a solid cast.
Distal convoluted tubules from cystic kidneys (Fig. 7D) were
often distended when compared to distal convoluted tubules of
normal rats (Fig. 6B). We saw no evidence of distension or cyst
formation in thick ascending limbs or cortical collecting ducts.
SEM analysis was performed on 45 cysts from four cystic rats.
Only cysts larger than 300 xm in diameter were examined. The
analysis focused on phenotypic expression of lining cells, including
hyperplasia and/or micropolyp formation, and morphological
evidence for obstruction of the inflow or outflow ends of cysts.
The majority of the cysts were located in the inner cortex and
medulla. Only a few cysts were examined in the outer cortex,
because of the scarcity of cysts in this region of the kidney (Fig.
5A). Most cysts were lined by cells possessing an elaborate apical
brush border characteristic of the proximal tubule (Fig. 11 A, B).
These cysts appeared to be located along the S3 segment (proxi-
mal straight tubule). Generally the smaller cysts were lined
entirely by such cells and these cells lined inflow and outflow ends
(Fig. hA). Some cysts, however, possessed focal regions where
the lining cells showed rarefaction of the apical microvilli, sugges-
tive of an immature cellular phenotype (Fig. 1 1B). This observa-
tion supports previous findings [9, 10]. In addition, a few proximal
tubular cysts showed small focal regions of hyperplastic cells along
the cyst wall or at the inflow or outflow ends of the cysts. The
hyperplastic cells were characterized by a bulging apical surface
that lacked microvilli (Fig. IIB). No micropolyps were seen.
Distal nephron cysts were identified in the outer and inner
medulla and were fewer in number than proximal tubular cysts.
These cysts were lined by cells of varying phenotype (Fig. 11 C-E),
which did not have the appearance of normal distal tubule or
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cysts contained cast material formed of numerous white blood
cells (Fig. liE) or of a fibrous material of unknown composition
(Fig. hF).
Discussion
Fig. 5. A (X2O and B (x164) show the light microscopic appearance of a
cystic kidney as seen from the capsule toward the outer medulla. The kidney
shows sites of indcntation (arrows) interposed with regions that appear to
bulge (arrowheads). This pattern is repeated in a regular fashion across
the entire kidney. The bulging regions contain cystic elements, while the
Sites of indentation demonstrate interstitial fibrosis, inflammatory cells,
basement membrane thickening, and atrophic nephron and vascular
segments.
collecting duct cells. A few cysts possessed focal sites of hyper-
plastic cells (Fig. HE). A unique observation for distal nephron
cysts was the presence of many macrophage-like cells stretched
across the apical cell surface of the lining epithelium (Figs. 11 C,
D). Cowley et al [91 showed similar cells (but did not describe
them) in a proximal tubular cyst. We did not observe the
macrophage-like cells in any proximal tubular cysts. A few distal
In 1892, the great German pathologist Rudolf Virchow re-
ported that in cystic kidneys the majority of the uriniferous
tubules had lost their connections to the renal pelvis [14]. He
suggested that obstruction of tubules plays a prominent role in
renal cyst formation. For over a century, the role of obstruction in
renal cystic disease has been hotly debated [3—6, 15].
The presence of an elevated pressure in cysts provides strong
functional evidence for obstruction. In human polycystic kidneys
in vivo, cysts pressures average about 16 mm Hg, but there is a
wide range from Ito 58 mm Hg [16, 17]. Although the mean value
may not be above a normal tubule pressure, some human cysts
clearly have high pressures. Several studies have reported pres-
sures in cysts in chemically-induced PKD in rats (Table 2). Cyst
pressures were not significantly higher than pressures in normal
tubules in diphenylthiazole [18—20] or nordihydroguaiaretic acid
[21] induced PKD, but in the diphenylamine model [22] an
elevated pressure was found. The latter model resembles the
Han:SPRD model and differs from the other chemically-induced
PKD models in that the cystic lesion does not involve all
nephrons. In the present study we measured cyst pressures in a
genetic model of PKD for the first time, and found that pressures
in cysts were significantly higher than in normal proximal tubules.
Luminal hydrostatic pressure in cysts may be only modestly
elevated because prolonged obstruction of cystic nephrons might
lead to a fall in filtration rate. In the normal kidney, chronic
luminal obstruction of single nephrons leads to a decline in
glomerular blood flow and filtration rate [23—26]. We previously
reported that if a nephron is blocked with castor oil for one day,
proximal tubule pressure averages 20 mm Hg, compared to a
value of 34 mm Hg in an acutely blocked tubule [23]. This decline
with time results, at least in part, from local activation of the
renin-angiotensin system and afferent arteriolar constriction
caused by angiotensin II [25, 26]. A similar phenomenon may
occur in chronically blocked cystic nephrons.
Intraluminal microinfusion is a well-established method to test
for the presence of obstruction in nephrons or cysts whose
pressures may not be higher than normal [12, 19—21]. In the
diphenylthiazole [19, 20] and nordihydroguaiaretic [21] models of
PKD, microinfusion results in abnormal increases in tubule
pressures. This demonstrates cyst obstruction even though pre-
infusion pressures were in the normal range. All micropuncture
studies of PKD in rats agree that some cyst obstruction is present,
but the fraction of cysts which are obstructed is often not clear.
In this study, we determined the normal range of pressure
increase produced in a normal tubule in response to microinfusion
at a low rate (15 ni/mm). Applying this to the cyst data, we were
able to estimate the fraction of the cyst population that is
obstructed. The results indicate that about 40% of cysts are
obstructed. There was no obvious correlation between the size of
a cyst and the presence or absence of obstruction. Small cysts
could be obstructed or not, and the largest cyst studied (about I
mm diameter) behaved like a nonobstructed cyst. In 27% of the
cysts, the pressure increased to more than 50 mm Hg when cysts
were microinfused at a low rate. Such high pressures exceed
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Fig. 6. Proximal tubule (A) and cortical collecting duci and attached distal coneolutcd tubules (B) from a normal rat (both X96).
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Fig. 7. 4 Proximal convoluted tubule and attached glomentlus (G) from a cystic rat. Note the abnormal outpouching (arrow) in the middle of the tubule
(x138). B. Proximal tubule from a cystic rat. The tubule appears irregular in form (X96). C. Proximal straight tubule from a cystic rat (X96). D. Dilated
superficial distal convoluted tubule from a cystic rat (X138).
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Fig. 8. A_ Proximal tubule from a cystic rat. Two cystic dilations (arrows) are found in the proximal straight tubule; the more distal one is filled with a
cast. The glomerulus (G) was inadvertently knocked off during mounting of the specimen (x96). B. Cyst (C) along the course of a proximal convoluted
tubule, just before the straight proximal tubule (arrow) (X228).
possible physiological pressures in Bowman's capsule and suggest
completely obstructed cysts.
When supraphysiological intracyst pressures were attained by
microinfusion (Figs. 3B and 4), cyst pressures sometimes sponta-
neously fell. This fall could he due to relief of obstruction or an
undetected leak. In only one cyst was a spontaneous fall in
pressure accompanied by the first appearance of dye in a distal
tubule. This suggests that the fall in pressure was rarely due to
flushing out of obstruction, and indicates that cyst obstruction
cannot be easily dislodged. We cannot exclude the possibility that
all cystic nephrons were obstructed at some time prior to our
study. The anatomical evidence (see below) suggests, however,
that cyst obstruction may be a permanent feature, and, if anything,
probably gets worse as cystic disease progresses.
In the young Han:SPRD rat, persistent glomerular filtration
contributes to the accumulation of fluid in surface cysts. In vivo
observations demonstrated that these cysts almost always commu-
nicated with visible segments of proximal tubules. Furthermore,
the cyst fluid invariably became colored with i.v. injected lissamine
green, indicating that surface cysts are connected to functioning
glomeruli. Recent studies [27] have emphasized fluid secretion as
the explanation for fluid accumulation in cysts from patients with
advanced PKD. Our data suggest, however, that at least in early
stages of the disease, persistent glomerular filtration is important.
Indeed, when we acutely blocked nephron segments with a wax
block, downstream cystic segments collapsed in a matter of
minutes (unpublished observations).
Our microdissection studies provide the first anatomical evi-
dence for tubular obstruction in the Han:SPRD cystic rat. Previ-
ous histological studies on the heterozygous Han:SPRD [9—10] do
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a
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Fig. 9. Cast-filled terminal proximal straight tubules. The tubule in A is simply distended; the tubule in B is somewhat scalloped (both x 138). C. (following
page) Several consecutive segments from a cystic proximal straight tubule (x276). D. Enlargement of C showing that the lumen connecting two of these
segments is virtually obliterated (arrow) <552).
not specifically comment on the presence or absence of obstruc-
tion. In ordinary histological sections it is difficult to tell whether
a cyst is obstructed. Therefore, in the present study we carefully
dissected cystic nephrons. It was then clearly evident that obstruc-
tion is present and is mainly due to (1) narrowing of the lumen to
a threadlike constriction or to a blind end, or (2) intraluminal
casts or debris. Cysts in the deeper cortex sometimes appeared to
have no openings. We recognize the hazards [28] of concluding
from simple microdissection that a cyst is a closed sac. Therefore
cysts were sectioned optically using DIC optics, and we were able
to determine with confidence that some cysts were indeed closed
sacs. When cysts in series were found along a proximal straight
tubule, the lumen connecting adjacent cysts was sometimes ex-
tremely narrow (Fig. 9 C, D). This narrowing must be a site of
high resistance to fluid flow. The constriction probably eventually
closes completely, yielding separated cysts. Solid cast material was
found in the lumens of cystic nephrons, especially in the proximal
straight tubule (Fig. SA and 9 A, B). The obvious tubule disten-
sion associated with this accumulation of cast material suggests
that it had been present for a long time and could not be easily
dislodged. The source and nature of this material is not known.
Occasionally, we saw a cyst filled with solid white material that
looked like pus. This observation, together with the presence of
macrophage-like cells in cyst lumens (Fig. 11 C—E), suggests the
presence of cell injury or infection. The macrophage-like cells
could release cytokines, superoxides, or other substances which
may affect the cyst wall epithelium.
We searched for, but did not find, micropolyps in young cystic
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Fig. 9. Continued.
rats. There were thickened tubule walls (Fig. lOB), folds (Fig.
hA), and changes in cell morphology at the ends of cysts where
they connect to tubules (Fig. 11 B), but no focal projections of cyst
epithelium. In nordihydroguaiaretic-induced PKD in rats and in
the human with PKD, Evan et al [21, 291 found micropolyps that
could obstruct outflow from cysts.
Our finding that most cysts are not obstructed suggests that
obstruction does not play an essential role in the initiation of cyst
formation. In the normal rat, chronic obstruction of single
nephrons does not lead to cyst formation, but leads to nephron
atrophy [30]. In the Han:SPRD cystic rat, the presence of
diverticula in proximal tubules in the absence of any evidence of
downstream obstruction is consistent with the view that localized,
heightened cell proliferative activity leads to cyst generation [9,
101. We do not know why one region of a nephron becomes cystic
while contiguous segments have a normal appearance (such as
Fig. 8B) or why not all nephrons develop cysts even though all
presumably have the gene responsible for cystic disease.
Our microdissection results confirm the conclusion of Schafer
et al [101 that cysts in the young Han:SPRD rat are mainly of
proximal tubule origin. The scalloped appearance of mierodis-
sected proximal straight tubules (Figs. 7C, 9C and 10) suggests
hyperplasia in this nephron segment. Heightened epithelial cell
proliferative activity may lead to the formation of saccules, which
eventually pinch off to become closed cysts. Why the proximal
tubule is especially prone to cyst formation in this model is not
clear.
The frequent occurrence of obstruction indicates that it does
play a role in the enlargement of many cysts. The size of a cyst
depends on the amount of fluid which it contains, and this reflects
a dynamic balance between inflow (filtration, secretion) and
outflow (absorption, downstream flow). Clearly, if outflow from a
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Fig. 10. A. Cystic proximal straight tubule (X63). Arrow shows site of enlargement in panel B. B. DIC image of narrow communication between two
adjacent cystic segments. The tubule wall is thickened on one side of the opening (arrow) (X480).
Table 2. Intraluminal pressures (in mm Hg) in proximal tubules and in cysts
Rat studies
Diphenyithiazolc
Diphenylthiazole
Diphenylthiazole
Nordihydroguaiaretic acid
Diphenylamine
5—11 months old
12—20 months old
Present study
Human studies
Polycystic kidneys
Polycystic kidneys
Normal
Reference control
16.1 1.3
11.2 5.1
15.5 5.8
10.1 5.6
Noncystic
tubules Cysts
-
16.0 1.4
9.1 2.5
19.2 7.4
12.4 7.4 11.4 7.9
16 (range 158)h
16 (range 12—23)
[18]
[19]
[201
[21]
[22]
[161
[17]
15.1 4.4 14.1 2.9 19.3 6.4
15.8 4.6 21.8 13.3 38.3 31.4
14.3 1.6 16.8 4.4 18.5 5.9
Values are means SD
In a later paper Acta Med Scand 202:327—329, 1977), the same group quotes this study, but states that mean pressure is 25 mm Hg (range 6—70
mm Hg). The discrepancy apparently results from the assumption that the skin surface, not the kidney, was the zero pressure level in the original report.
Fig. 11. Scanning electron microgrophs of cysts. A. This cyst appears to possess a rather homogeneous cell type characterized by an elaborate apical brush
burder. The lateral boundaries of these cells are distinct, suggestive of cells of S3. The point where the cyst cunnects to the nephron (arrow) appears
normal, with no evidence of narrowing (x413). B. This cyst also appears to be along the proximal tubule. Most cells possess an elaborate brush border,
except fur a group of cells near the connection of the cyst with the tubule. At this site some cells appear hypcrplastic (arrows), while another group is
flatter and lacks apical speeializatiun (arrowhead) (X4l3). C. Distal cyst located in the inner medulla. These cells show rarcfaetion of the apical surface
of all lining cells. In addition, numeruus macrophage-like cells (arrows) are attached to the apical surface of the lining cells (X413). D. A high
magnification of one of the maerophage-like cells seen in C. These cells have elaborate processes that appear to he attached to the apical surface of
the lining cells (x2,050). E. This distal nephron cyst is an example of those cysts filled with east material composed of many white blood cells and fibrillar
material. The arrow indicates a site of hyperplasia (x4l3). F. This is a view of fibrillar-like east material of unknown origin located in a distal nephron
cyst (X413).
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cystic nephron is impaired by obstruction, fluid will accumulate
and upstream pressure will rise, It is possible that the ensuing cell
stretch stimulates cell proliferation [31], especially if the cyst
epithelium is poorly differentiated, injured, or susceptible because
of a genetic defect.
In summary, cyst obstruction is a frequent finding in the
Han:SPRD rat, a genetic model for human ADPKD. This ob-
struction probably does not initiate cyst formation, since many
cysts are not obstructed. Obstruction (which is present in about
40% of surface cysts) combined with persistent glomerular filtra-
tion promotes fluid accumulation in many cysts early in the course
of PKD. Therefore, obstruction may be an important element in
the progressive enlargement of cysts in hereditary renal cystic
disease.
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